Recently, we have found that the assembly of nucleosomes reconstituted on negatively supercolled DNA Is cooperative. In the present paper the role of DNA topology and of histone tails In nucleosome assembly was explored. Reconstituted mlnichromosomes on relaxed DNA at different histone/DNA ratios (R) were assayed by topological analysis and electron microscopy visualization. Both methods show a linear relationship between average nucleosome number (N) and R. This suggests that in the case of relaxed DNA, cooperative internucleosomal interactions are small or absent. The influence of histone tails in nucleosome assembly was studied on minlchromosomes reconstituted with trypsinized histone octamer on negatively supercoiled DNA by topological analysis. The topoisomers distribution, after trypsinization, dramatically changes, indicating that nucleosomenucleosome interactions are remarkably decreased. These results show that, in chromatin folding, in addition to the well known role of histone H1, the interactions between histone octamer tails and DNA are also of importance.
INTRODUCTION
The importance of nucleosome organization in gene regulation is widely recognized (1) (2) (3) . It has been suggested that this organization depends mainly on specific interactions between histones and nucleotide sequences, local DNA structures acting as boundaries for nucleosome positioning and nucleosomenucleosome interactions to form defined superstructures (4) . This last aspect seems also relevant in determining nucleosome translational setting along a nucleotide sequence (5) ; in fact some differences were found when comparing preferred positions of histone octamer reconstituted on short versus long DNA fragments originating from the same DNA sequence (6) .
Recently we have found that nucleosome assembly on negatively supercoiled pBR322 DNA shows cooperative features (7) and, on the basis of a linear cooperative model, a high cooperative constant was obtained. This result suggests that the free energy, due to protein-protein interactions, could be relevant as the reconstitution free energy of mononucleosome formation on curved sequence with respect to bulk nucleosomal DNA (5, 8) .
Taking into account these results it is interesting to evaluate the influence of DNA superhelical density on nucleosomenucleosome interactions, since topological effects could be relevant in the process of chromatin defolding and activation.
In the present study the influence of DNA topology on nucleosome-nucleosome interactions was investigated both on the basis of topological analysis and electron microscopy visualization of reconstituted minichromosomes.
To get informations on the role of different protein domains in the nucleosome array, the influence of histone aminoterminal domains on nucleosome organization, was analyzed. This was done by studying minichromosomes treated with trypsin in physico-chemical conditions in such a way as to cleave only histone tails.
MATERIALS AND METHODS

Biological materials
pBR322 DNA was prepared by cnloramphenicol amplification of Escherichia coli cultures as previously reported (9) .
Histone octamer and topoisomerase I were obtained from chicken erythrocyte nuclei as described (10 and 11) .
Relaxed pBR322 DNA An amount of supercoiled pBR322 was treated with about 1 U//ig of topoisomerase I in 10 mM Tris-HCl, 1 mM EDTA PH 8.0, 0.3 mM PMSF and 0.25 M NaCl for 1 hr at 37°C. The reaction was stopped by adding NaCl to final concentration of 1.2 M and phenol extraction. The sample was then dialyzed overnight against Tris-HCl 10 mM PH 8.0 and against double distilled water for 3-4 hrs to remove salt.
Reconstitution procedures
A constant amount of supercoiled or relaxed pBR322 DNA was added to varying amounts of histone octamer in 1 M NaCl at 4°C or at 37°C. The salt concentration was then lowered gradually, by adding 10 mM Tris-HCl and 1 mM EDTA pH 8, to 0.2 M NaCl or to 0.16 M NaCl for topoisomerase I and trypsin reaction respectively.
Electron microscopy visualization
Reconstituted minichromosomes, at various histones/DNA ratios (R) were dialyzed overnight against 0.2 mM EDTA, 10 mM triethanolamine, 0.2 mM PMSF PH 8.0 and 0.1% glutaraldehyde. Samples were prepared for electron microscopy by the diffusion technique according to Thoma et al. (12) .
Trypsin digestions
Trypsin digestions were carried out according to Morse and Cantor (13) . Reconstituted minichromosomes at varying R in 0.16 M NaCl were incubated for 1 hr at room temperature with about 1 U/25 tig of DNA of trypsin (SIGMA). Trypsin activity was stopped by addition of a 10-fold weight excess of lima bean trypsin inhibitor. Salt concentration of sample was then raised, gradually, to 0.8 M by adding small aliquots of NaQ and lowered again 30' later, step by step, to 0.2 M NaCl for topoisomerase I reaction.
Topological assay
Reconstituted minichromosomes were treated with chicken erythrocyte topoisomerase 1(1-1.2 U//tg DNA) in 10 mM Tris-HC1, 1 mM EDTA, 0.2 M NaCl, 0.3 mM PMSF PH 8.0 for 1 hr at 37 °C. After deproteinization with 1% sodiumdodecylsulphate and phenol extraction DNA was analyzed by electrophoresis in 1.2% agarose gel. In order to analyze samples with a difference in linking number with respect to relaxed DNA higher than ten, different Ethidium Bromide (EtBr) concentrations were used and electrophoresis was carried out with the same concentration of EtBr in gel and electrophoresis buffer. This method, as firstly shown by Keller (14) , allows measurements of variation in linking number up to high values. Bands distribution was evaluated by densitometric tracing of photographic negatives of the fluorescent DNA bands, using an LKB scanning densitometer.
RESULTS
Topological Analysis of Minichromosomes Reconstituted at 37°C
Recently we have shown that the assembly of nucleosomes on negatively supercoiled pBR322 DNA at 4°C exhibits a cooperative trend. This cooperativity probably depends on the interactions between adjacent nucleosomes (7) .
With the aim of evaluating the binding features at physiological temperature, minichromosomes were reconstituted on supercoiled pBR322 at different histone octamer/DNA ratios (R) at 37°C. The number of reconstituted nucleosomes at each ratio was derived from topological analysis (15) . Fig. 1A shows a typical experiment; topoisomers derived from minichromosomes, reconstituted at different R, were analyzed in an agarose gel and in a gel containing ethidium bromide (EtBr), to resolve topoisomers with ALk larger than ten (14) as shown by densitometric tracing of the gels on the right panel of the figure. In all cases the profiles correspond to a Gaussian distribution of topoisomers, whose maxima represent the average number of nucleosomes, N, formed at each R. The N values are reported versus R in fig. IB. For comparison, the values previously found by us, for reconstitution experiments carried out at 4°C, are shown. In the case of both temperatures the plots deviate strongly, with different slopes, from the linear plot, which represents non-cooperative binding. Since the slope of the curve at 37°C is lower than that at 4°C, the increase in temperature influences the assembly of nucleosomes, by apparently decreasing (7) The line drawn between N=0 at R=0 and N=25 at R= 1 represents the plot that can be expected in the case of non cooperative nucleosome binding. the cooperativity of the process and the number of nucleosomes at saturation.
It was previously shown that the temperature causes a DNA local untwisting and that the coefficient of the average helix untwisting is 0.010 to 0.011 degrees/base pairs per °C (16) . In the case of pBR322 (4362 bp) the increasing of temperature from 4°C to 37°C decreases the plasmid superhelical density of 0.01 (in our preparations pBR322 initial superhelical density was about -0.05). This finding prompted us to study the nucleosomes assembly on relaxed pBR322, where the influence of the DNA superhelical density on nucleosome-nucleosome interactions should be more relevant. Fig. 2A shows the electron microscopy visualization of reconstituted minichromosomes on relaxed pBR322 DNA at different R. fig. 2B . It is easily seen that increasing R, the nucleosome number N, regularly increases with a linear trend. The samples visualized by E.M. were also assayed by topological analysis. Fig. 3A shows the results of a typical experiment. Topoisomers derived from minichromosomes reconstituted on relaxed pBR322 DNA at different R, were analyzed in agarose gel and in gel containing paper) demonstrate that DNA superhelical density strikingly influences nucleosome assembly.
Topotogkal and Electron Microscopy Analysis of Nucleosomes Assembly on Previously Relaxed pBR322
The comparison of results shown in fig. IB and 3B indicates that the free energy of negative supercoiling is favoring the formation of nucleosomes (17) (18) (19) (20) since the wrapping of a nucleosome on circular DNA molecule is topologically equivalent to an unwinding of 1 turn of DNA superhelix and decreases the system free energy.
But, if the difference between the two trends should derive only from the preference of histone octamer for negatively supercoiled DNA, this difference should decrease with increasing R. By contrast as reported in fig. 3C actually the difference between N on supercoiled DNA and N on relaxed DNA shows a complex behavior, characterized by a maximum about R = 0.3. This suggests that at least two factors are involved: one increasing and the other decreasing with R; while this latter can be easily ascribed to DNA relaxation, the former one could depend on nucleosome-nucleosome interactions.
Role of Histone Tails
The finding that DNA topology controls nucleosome-nucleosome interactions prompted us to investigate if also protein modifications play a role on nucleosome organization. To evaluate if histone tails were involved in the cooperativity of nucleosome assembly on negatively supercoiled DNA, reconstituted minichromosomes were treated with trypsin to remove histone aminoterminal domains (and the C-termini of H2A and H3). The proteolytic reaction was carried out until the histones were reduced to a discrete set of fragments (Fig.4) . The proteolyzed histones were quantitatively evaluated by densitometry. The relative amounts of the four bands, corresponding to the histone octamer after proteolysis, indicate that in the limit digest of minichromosomes, proteins correspond to about 60% of their original amount, in good agreement with results, previously reported by Morse and Cantor (13) .
The trypsinized reconstituted minichromosomes were digested with micrococcal nuclease and the size of the protected DNA fragments was found to be the same as for untrypsinized minichromosomes. In all cases the size of the protected DNA fragment remained constant at about 150 bp (not shown) indicating that the core particle protects approximately the same DNA length, after trypsinization.
Minichromosomes digested with trypsin were treated with increasing ionic strength up to 0.8 M NaCl for 30' to mobilize histone octamer on DNA. In fact it was previously shown (21, 22) that histone octamers are able to completely exchange between two different DNAs at 0.8 M NaCl. The possibility that the mobilization of octamers could influence the nucleosome distribution was assayed by topological analysis of reconstituted minichromosomes. Before and after salt mobilization the topoisomer distribution is almost equal (fig. 5 ), whereas after mobilization samples containing cleaved histone tails have a remarkably different topoisomer distribution. Fig. 6A shows a typical experiment. Topoisomers derived from minichromosomes reconstituted at different R, in the range 0.2-0.5, before and after histone trypsinization and mobilization were analyzed in agarose gel and in gel containing EtBr.
The values of nucleosome number, corresponding to the average of the Gaussian distribution of topoisomers before and after histone trypsinization and mobilization are reported versus R in fig. 6B .
While before trypsinization experimental values show a cooperative trend, equal to that reported in Fig. 1 A, the values corresponding to trypsinized rninichrornosornes, present a linear trend in good agreement with the linear plot obtained for minichromosomes on relaxed DNA.
It is worth noting that the value of N was derived in the hypothesis that ALk, corresponding to a trypsinized nucleosome is equal to -1; this assumption seems correct on account of a variety of observations (micrococcal nuclease and DNAse I digestion, sedimentation coefficient and X ray data) reviewed by Bohm and Crane-Robinson (23), which suggest that the core particle structure is preserved after trypsinization. However it must be taken into account, that even if the cleavage of histone tails should decrease the ALk of a nucleosome to -0.8 as in the case of fully acetylated histones (24) , all the N values should increase of about 12%, scarcely influencing the slope of the linear plot.
These results show that even on negatively supercoiled DNA, nucleosomes assembled with histone octamer, lacking aminoterminal domains, seem unable to interact.
DISCUSSION
The reported study aims to elucidate the role of protein-protein interactions in nucleosome assembly. In this respect, it is worth noting that nucleosome-nucleosome interactions appear hard to evaluate, also if their relevance was suggested long time ago and is clearly emerging in the last few years. Closely spaced core particles were found in chromatin reconstituted on linear DNA (25) and a model of linkage between closely spaced nucleosome particle was proposed.
In the analysis of five nucleosomes on 860 bp DNA, relevant differences were found when comparing preferred positions of histones reconstituted on short versus long DNA fragments originating from the same DNA sequence (6) .
Recently we found that electron microscopy visualization of reconstituted minichromosomes shows the presence of quasi saturated minichromosomes and of naked DNA circle at very low R values (7) .
In addition, the plot of N on negatively supercoiled pBR322 versus R, derived either from electron microscopy observations on a large number of minichromosomes or from topological analyses, shows a systematically large positive deviations with respect to linear plot to be expected in the case of non cooperative binding of histone octamer on pBR322 molecules.
These results have been analyzed according to a method previously developed by Voordouw (26) . This method derives the cooperativity of the binding process by the correlation between the average number of nucleosomes N and the width of the distribution as the standard deviation from the average. The obtained curve allows to calculate that the cooperativity constant, co, is at least equal to 10 and that the free energy of interactions between nearest-neighbor nucleosomes, namely AG= -RTlnco is at least 1,500 cal/mol. This value is slightly decreased by increasing the temperature of minichromosomes from 4°C to 37°C.
The binding features are dramatically changed in the two cases of minichromosomes organized on relaxed pBR322 or with trypsinized histones. In fact, in both cases, the values of N versus R are in satisfactory agreement with the linear plot to be expected in the case of non cooperative organization of nucleosomes on DNA molecules. These findings suggest that the interactions between adjacent nucleosomes are small or absent when the DNA is relaxed or the histone tails are cleaved.
It is tempting to compare the relevance of the parameters, which appear to influence nucleosome organization, namely nucleosome-nucleosome interactions and DNA local curvature. Recently reconstitution free energies for different DNA sequences 161 bp long, were estimated (5) and the contribute of DNA flexibility was found to be about 2,000 cal./mol. This value is very similar to that of 1,500 cal/mol. which appears involved in the interactions between nucleosomes.
It is interesting to notice that these interactions appear to be modulated by the DNA topological state. In fact the plot of N versus DNA superhelical density a (see Fig.7 , where the case of N at R=0.5 is shown) is linear; this shows that nucleosomenucleosome interactions are mainly regulated by DNA topological state.
Since die state of supercoiling of bacterial DNA is strongly modulated by transcription (27) it is tempting to speculate that if an association between supercoiling and transcription is present also in the case of eukaryotes (28, 29) , DNA topology influence on nucleosome-nucleosome interactions could be important in chromatin activation.
We have attempted to address the nature of the association between nearest-neighbor nucleosomes, by analyzing the influence of histone tails on the cooperativity of nucleosome organization on negatively supercoiled pBR322.
The reported results show that cleavage at histone amino terminal domains (and the C-termini of H2 A and H3) makes small or negligible nucleosome-nucleosome interactions. This finding is in agreement with the hypothesis that, in addition to the well known role of histone HI, also histone tails are relevant in the folding of DNA linker and are involved in the higher order organization of chromatin (23, (30) (31) (32) .
In conclusion, the interactions between adjacent nucleosomes appear relevant also in the very simple model system of minichromosome used in this research. These interactions result influenced by DNA superhelical density as well as by the histone tails. Both these parameters offer intriguing possibilities in the control mechanisms of the chromatin superstructures in biological processes.
